I. INTRODUCTION
CCORDING to the IEEE Application Guide for IEEE Standard 1547, the general guidelines state that distributed generation (DG) units are expected to be operated at or near unity power factor to avoid actively controlling the system voltage. However, in cases where in the DG units may significantly affect the network parameters, they can be operated at a specific power factor. Numerous strategies and controls have been proposed in the literature for operating both renewable and non-renewable DG units for system voltage support. The DG reactive power can be controlled by exporting and absorbing reactive power (VAr) for maximizing the voltage support.
In [1] , a voltage control strategy which is designed for maximizing the DG voltage support is presented. In the controller design discussed in [1] , there is an adaptive control strategy to utilize DG power factor control mode operation for voltage support. A reactive power control scheme is proposed in order to utilize a doubly fed induction generator (DFIG) for voltage support in [2] . Also in [3] , a strategy is proposed for voltage control by direct active and reactive power control of grid connected DFIG based wind system using sliding mode control principle. A local control scheme is proposed for voltage regulation by a DFIG based wind system in [4] . The controller proposed in [4] provides adjustments to reactive power based on the active power generated by the DFIG unit, in order to support the system voltage. In [5] , various design options for controlling the reactive power generated by photovoltaic (PV) units have been tested. It is aimed to utilize PV systems for voltage support against the voltage variations caused by varying irradiance conditions. A control strategy is proposed for night time application of PV solar farms to support the grid voltage in [6] . It utilizes the PV solar farm as a static synchronous compensator for voltage support, when PV farm does not produce any active power. In [7] , a control strategy is designed for maximizing and prioritizing the DG voltage support. Also, a practical implementation strategy for proposed control is presented in [7] , which is aided by a distribution management system (DMS).
In this paper, a methodology is proposed to assess the DG impact on voltage correction by on-load tap changer (OLTC) through sensitivity analysis, and accordingly update the line drop compensation (LDC) settings for effective voltage control assuming DG units are operated for voltage support in the network. The reactive power capability of different DG units (i.e., synchronous machine based DG, DFIG and PV units) for voltage support has been detailed in [8] . MATLAB is used for modeling and simulation, and the results are presented.
II. DG IMPACT ON VOLTAGE CORRECTION BY OLTC
An OLTC enabled with LDC can be used to control the voltage at a remote regulating point (load center) within a specified dead-band (DB) limit. In this section, first order sensitivity of the regulating point voltage, V LC estimated by LDC scheme to voltage support DG response is derived. DG VAr limits can be controlled for ensuring voltage support in distribution systems. Therefore, the sensitivity associated with 
A. Proposed Voltage Sensitivity
From the variables of LDC, (1) is derived. The magnitude and phasor angle of transformer secondary bus voltage are V OLTC and α OLTC , magnitude and phasor angle of the branch current seen at substation transformer secondary are respectively I and θ, while the LDC settings are R L and X L . The topology of a sample distribution system with substation OLTC is shown in Fig. 1 , where the respective phasor diagram for θ-lagging power factor case is shown in Fig. 2 . In conventional notation, the sending end voltage magnitude, E (i.e. E=V OLTC ), receiving end voltage magnitude, V (i.e. V=V OLTC+1 ), branch current magnitude, I and branch impedance, Z are used for analysis in the branch defined by substation secondary bus and the bus next to the substation secondary. In this paper, the equations are presented only for θ-lagging power factor case. For θ-unity and leading power factor cases, similar analysis can be done.
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From the equation for V LC , it can be seen that the V LC is a function of V OLTC , α OLTC , I, θ, R L and X L where R L and X L are constants.
The LC1 to LC4 terms in (1) can directly be obtained from the equation for V LC . In order to obtain the terms associated with ΔV OLTC , Δα OLTC , ΔI, and Δθ in terms of small change in DG reactive power injection ΔQ DG , firstly the expression given by (2) is derived using the phasor diagram shown in Fig. 2 
Secondly, from the same triangle which is used to derive (2) and applying the cosine rule, the equation (3) is derived.
( ) Δδ θ
Thirdly, the ∆V LC /∆Q DG sensitivity is derived using the change of voltage and current magnitudes and their phasor angles in the branch defined by substation secondary bus and the bus next to the substation secondary for small change in DG reactive power response, which can be obtained using the system Jacobian matrix as given below. They are voltage magnitude change for small change in DG reactive power response at the substation secondary bus, (M VQ ) oltc,k and the bus next to the substation secondary, (M VQ ) oltc+1,k ; and voltage phasor angle change for small change in DG reactive power response at the substation secondary bus, (M αQ ) oltc,k and the bus next to the substation secondary, (M αQ ) oltc+1,k . It is assumed that the DG unit is connected to the k th bus of n bus system. Finally, the ∆V LC /∆Q DG sensitivity is derived by substituting ∆V OLTC /∆Q DG , ∆α OLTC /∆Q DG , ∆I/∆Q DG and ∆θ/∆Q DG terms to equation (1) , and it is given by (4).
For a case with multiple DG units distributed to a larger extent (i.e. 1, …, g), the superposition law can be applied to derive the respective sensitivities as given by (5). 
B. Application Example for Testing the Proposed Method of Determining Voltage Sensitivity
The proposed methodology is tested on a five-bus test system given in [9] . The sensitivity values are numerically obtained for different cases through simulations. The test cases include (a) testing proposed sensitivity assuming that the load centre is exactly at bus-C where LDC settings (R L , X L ) equal to resistance (R) and reactance (X) values of the branch between 'B' and 'C' and (b) testing proposed sensitivity assuming that the load centre is at bus-B where R L =0 and X L =0. For all simulation case studies, the substation secondary voltage is kept equal to 1.0 pu.
The results for case (a) are given in Table I and Table II . It can be seen that the maximum value of magnitude of mismatch between the sensitivity values derived using proposed method and direct method is 2.9% for simulated different system operations. The variation of sensitivity values derived using proposed and direct methods are shown in Fig. 4 and Fig. 5 . The results for case (b) are given in Table III and Table IV for the same simulated system operations as in case (a). In this case study, it can be seen that the magnitude of mismatch between the sensitivity values derived using proposed method and direct method is zero for all simulated system operations. In summary, test results have revealed the accuracy of the mathematical model used for deriving the proposed sensitivity. Hence, the ∆V LC /∆Q DG sensitivity can be used to accurately estimate the voltage change by DG voltage support operation at the fictitious load centre defined for LDC. Accuracy of such estimation is also tested for different system operations and the results are shown in Table V and Table VI . Tables V and VI , it can be seen that the estimated value of voltage change by DG at the load centre, which is derived using proposed sensitivity can be used to assess the impact of voltage support DG on operation of LDC.
III. DYNAMIC ADJUSTMENT OF OLTC PARAMETERS
The severity of DG impact on operation of LDC is based on how much the voltage change by DG at load centre contributes to violate the DB limit or supports to minimize the voltage error for OLTC control. On that basis, the proposed strategy for dynamically updating the LDC settings in presence of voltage support DG is developed. It is proposed to practically implement this strategy using a substation centered DMS for on-line voltage control [7] . Additional software and hardware required for enacting the proposed strategy for dynamically updating LDC settings is embedded in the DMS. The diagrammatic representation of proposed system design is shown in Fig. 6 . 
A. Algorithm
The algorithm of proposed strategy is outlined below. The objective of updating LDC settings is based on minimizing the number of OLTC tap operations and thereby minimizing the system voltage variations attributed to tap operations.
Step -1: Estate estimation and power flow information from DMS are executed.
Step -2: Requirement of updating LDC settings is determined as given below. The set voltage for OLTC control is V set . The magnitude of difference between V set and V LC is V err .
Step -3: Proposed ∆V LC /∆Q DG sensitivity value is derived using initial R L and X L settings.
Step -4: New value for ∆V LC /∆Q DG sensitivity is defined using parameter K update , which minimizes the V err where system voltage is controlled within stipulated limits. A hysteresis tolerance value, ε (+/-) is introduced to compensate the error in estimating the voltage change by DG using the ∆V LC /∆Q DG sensitivity. Next, the new R L and X L settings for LDC are derived and assigned.
Step -5: If there is no feasible solution in Step-4 for new R L and X L settings, their initial values are assigned.
Step -6: For the subsequent state (i.e. t = t +1), repeat the procedure from Step -1.
B. Time Domain Simulation
Simulations are used for testing the proposed strategy. It is assumed that the LDC settings are conventionally derived using the method given in [11] . The initial time delay, T d , mechanical time delay, T m and DB of the tap changer are 30 s, 3 s and 1.0%, respectively. It is assumed that the OLTC taps are incorporated in primary winding of the substation transformer. Assumed system voltage bandwidth is 10% pu.
The following power flow simulation elaborates the proposed algorithm and its mechanism for dynamically updating the LDC settings in presence of synchronous machine based voltage support DG. A representative state of 96.936 MVA (peak) step load is considered assuming that the initial OLTC tap is at its nominal position. The synchronous machine based DG unit supplies 25 MW power to the system where reactive power support provided by DG for voltage support is 6.6 MVAr. The conventionally derived LDC settings are R L = 5.003 Ω (~ 5.0 Ω) and X L = 2.121 Ω (~ 2.1 Ω). The values of V set , V err and ∆V LC /∆Q DG sensitivity are 1.0000 pu, 0.0561 pu (V err > DB/2 = 0.0050 pu) and 3.1345, respectively. The value assigned for ε is zero. Fig. 6 shows the number of tap operations and resultant voltage variations at substation secondary bus and bus-C. In this case, the estimated value of voltage change at load centre by voltage support DG is 0.2069 pu. However, this voltage change by DG does not lead to violate the DB limit, because the V err without DG reactive power support is 0.0728 pu. Therefore, first a new set of LDC settings is searched using K update > 1. If there is not a feasible solution for K update > 1, new LDC settings are searched using K update < 1. In this case, the new R L and X L settings are derived using K update value of 0.4400 (< 1.0000) assuming that the initial settings are equal to conventional settings, and they are R L = 1.15 Ω (~ 1.2 Ω) and X L = 2.31 Ω (~ 2.3 Ω). For finding a value for K update , a quartic equation is solved for Z L with assumed (X L /R L ) ratio. With the updated LDC settings, the V err is 0.0394 pu. Fig. 7 (a) shows the number of tap operations with new LDC settings which is less than that with conventionally tuned settings, while Fig. 7 (b) shows the variation in voltages. It is noted that in case where the voltage change by DG does lead to violate the DB limit, first a new set of LDC settings is searched using K update < 1. If there is not a feasible solution for K update < 1, new LDC settings are searched using K update > 1. 
IV. CONCLUSION
A novel methodology is proposed in this paper to assess the impact of voltage support DG on voltage correction and update the OLTC parameters dynamically. As an assessment tool, first order sensitivity of the regulating point voltage to the change in reactive power support provided by voltage support DG is derived. The estimated value of voltage change by means of VAr support by DG at the load centre, obtained using proposed sensitivity analysis, is used to assess the impact of voltage support DG on the operation of LDC. Based on such information, a strategy is proposed to dynamically update the OLTC parameters for effective voltage control in the presence of voltage support DG. The simulation results show the accuracy of the mathematical model used for analysis and its successful implementation.
